Objectives. To determine how network-level factors influence individual risk of HIV acquisition, which is key in preventing disease transmission.
D
etermining how network-level factors influence individual risk of HIV acquisition is vital to preventing disease transmission. Over the past several years, research has moved beyond the examination of how individual-level risk behaviors are associated with the risk of HIV acquisition to examine the role of network-level risk factors. This is because traditional behavioral factors thought to increase the rate of HIV acquisition-such as substance use 1 and condomless sex 2 -have not sufficiently explained observed differences in risk. Instead, more recent research has begun to focus on network-level analyses and how these characteristics may influence the risk of disease. For example, in one recent study, differences in rate of acquisition of HIV or other sexually transmitted infections were found to have been explained in part by network factors. 3 Thus, continued focus on individual risk behaviors is likely to have only limited impact on HIV elimination, suggesting a need to examine the role of network-level risk behaviors in HIV acquisition.
Previous research has leveraged several types of networks to examine factors associated with HIV infection, including social, 4, 5 sexual, 6, 7 and molecular networks. 8, 9 Past work utilizing molecular networks has identified HIV molecular clusters and has examined characteristics associated with both cluster membership and size. [8] [9] [10] [11] Because of their nature, molecular networks provide no information on HIV-negative individuals and it is unclear the extent to which these networks are relevant to sexual transmission. More recent work has examined how molecular and sexual contact networks overlap and interact, 11, 12 highlighting the need to include network analyses when formulating prevention policies. 13 Sexual contact networks also have their limitations and have been shown to suffer from missing data 14 and information bias regarding self-reported sexual history and frequency of risk behaviors. 15 Furthermore, past research has demonstrated a reluctance among some participants to provide information regarding sensitive behaviors 16, 17 with some participants exhibiting emotional distress when asked to report on sexual behaviors. 18, 19 Perhaps most importantly, sexual networks are highly dynamic in younger populations, 7 a finding that challenges the abilities of current approaches to categorize them. Put together, molecular networks and observed sexual networks suffer from several biases and limitations and are highly dynamic, making analysis difficult and any proposed interventions based on these data subject to error. Compared with sexual networks, social networks provide more complete data and often overlap with sexual networks, particularly among smaller communities such as Black men who have sex with men (MSM). 20 Although social network data are still likely to contain missing ties between persons, it is less susceptible to some of the biases observed in sexual contact networks. In addition, nonsexual social networks tend to be more stable over time. 7 Examining social context, the influence of social context on behavior, and network formation is vital to the study of sexually transmitted infections, including HIV. 13 Past research has suggested that a socio-molecular approach to studying infectious diseases may yield new interventions 21 ; however, little work has been done to characterize the relationship among nonsexual, social, and molecular networks. Understanding how these networks overlap and how each enhances the information provided by the other has the potential to inform prevention strategies and may lead to identification of why disparities in HIV acquisition exist.
In this analysis, we characterized an HIV molecular network among young Black MSM in Chicago, Illinois. We then combined these data with confidant, sexual, and Facebook network data from the same cohort to examine potential overlap between the networks to guide our understanding of how phylogenetic analyses can strengthen and be strengthened by existing network elicitation approaches.
METHODS
In brief, uConnect is a longitudinal population-based cohort study 22 that was designed to examine network factors associated with HIV risk and transmission among a sample of young Black MSM. uConnect participants spent most of their time on the South Side of Chicago and the adjacent southern suburbs, which represents the largest contiguous Black community area in the United States. 23 
Eligibility Criteria
Study respondents were eligible to participate if they 1. self-identified as African American or Black, 2. were assigned male at birth, 3. were aged between 16 and 29 years (inclusive), 4. reported oral or anal sex with a male partner within the past 24 months, 5. spent the majority of their time on the South Side of Chicago, and 6. were willing and able to provide informed consent at the time of the study visit.
Interview
Recruitment utilizing respondent-driven sampling and survey follow-up occurred between August 2013 and January 2016.
Surveys were conducted across 3 waves, each separated by 9 months. Interviews were conducted using computer-aided personal interviewing with some portions selfadministered. The interview itself involved different types of questions and activities: background and socio-demographic questions, questions related to "hook-up" app use (e.g., Grindr, Jack'd), self-administered scales of substance use, and HIV care continuum measures.
As part of the survey at each wave, participants were asked a series of questions to elicit confidants as well as their past sexual partners, allowing for the separate construction of both a sexual and a confidant network. Participants were asked "Thinking back over the past six months, that is since [month], how many people, including men, women, and transgender women have you had sexual activity with, even if only one time" and "So I can ask some follow-up questions, please list the names of the people with whom you discuss things that are important to you," to elicit number of sexual partners and confidants, respectively. For sexual partners, participants were asked identifying information and a series of questions regarding their relationship and risk behaviors with each partner. Although participants could claim any number of partners, they were asked to name only their 5 most recent sexual partners in the past 6 months, as well as their main partner, if one existed, for a total of up to 6 recent sexual partners. For confidants, participants were asked identifying information and a series of questions regarding their relationship with up to 5 confidants. We also included network data for all respondent-driven sampling ties (hereafter referred to as "referral network") as these were each described as either sexual partners or friends or family by the participants included in this study.
In addition to the named confidant and sexual partner questions, an application was developed to extract Facebook friend lists from study respondents. 24 Because of changes in Facebook privacy policies, this process was completed only during waves 1 and 2 and was limited to those who consented to this process. In addition, we were only able to obtain 1 degree of information regarding the friends of study participants (i.e., not the friends of their friends). We performed entity resolution 25 for each network type among respondents in the uConnect cohort. At each study wave, respondents were asked detailed information regarding their sexual partners and confidants, including name, age, geographic residence, and other sociodemographics, if known. We then matched these data provided by respondents across all waves to identify unobserved ties that may exist as a result of different respondents naming the same individual. Two separate analysts verified the algorithm used to complete the matching process, with all matches confirmed manually; this has been described in detail elsewhere (Britt Skaathun, oral and written communication, January 15, 2017 All molecular, confidant, and sexual network analyses were limited to only those named partners who were also study respondents. Molecular network formation was limited to the number of individuals for whom we were able to obtain a viral genetic sequence and we included HIV-negative individuals only if confirmed via laboratory testing.
We combined network data in such a way as to logically arrive at one's likely risk environment. We began with molecular network data, having identified these individuals as transmission cases. Next, we added the named sexual partner data, or probable cases, to the molecular network. Then the named confidants were added to the network as possible cases, followed by overlapping networks (Figure A, available as a supplement to the online version of this article at http://www.ajph.org).
Sensitivity analysis. Given the large number of Facebook ties, it is possible that any observed overlap between the social and molecular networks may be attributable to chance alone. To assess this, we ran a series of simulations to test any observed overlap between the networks. Each simulation randomly reassigned the ties in the network. The null hypothesis was that there was no association between the genetic and Facebook networks. We performed 10 000 simulations to obtain an estimate of the distribution of overlap between the networks and evaluated the likelihood of the observed percentage overlap between the networks relative to this distribution, yielding a 1-sided simulation P value. Furthermore, we also considered the complete social and sexual network data ( Figure B , available as a supplement to the online version of this article at http://www. ajph.org) to investigate whether molecular ties may connect otherwise disparate network components.
RESULTS
The uConnect cohort included 618 participants, of whom 266 (43.0%) were identified as HIV-positive by the end of the study. Among the 266 HIV-positive individuals, 139 had a detectable viral load and, although challenges occurred with collection of the dried blood spots, we successfully sequenced the pol region of the viral genome for 42 (30.2%) of these individuals. We obtained a further 44 viral sequences from CDPH HIV surveillance data for a total of 86 (61.9%) available sequences. We observed no differences in sociodemographics, risk behaviors, or network position among participants who either did or did not have a sequence available nor based on network type. Characteristics of those with genetic sequence data are presented in Table 1 and are stratified by presence in a molecular cluster.
Most participants had low income (n = 72; 83.7%), self-identified as gay (n = 59; 68.7%), and reported condomless sex in the past 12 months (n = 49; 57.0%). Forty-one percent of individuals had a profile on "hook-up" apps, such as Grindr or Jack'd, of whom 30.2% used the services more than 2 times per week. We also observed an overall mean time since HIV diagnosis of 2.69 years with no significant difference found among those who were and were not in a cluster. Of those with a viral genetic sequence, 35 (40.6%) were present in a molecular cluster, resulting in 55 molecular ties between participants ( Figure A, see green  lines) . Furthermore, on average, 4.8 sexual partners were claimed in the past 6 months (range: 0-35; SD = 6.5) with 13 (15.1%) of those with available sequences claiming more than 6 sexual partners in the past 6 months (mean = 17.9; range: 7-35; SD = 8.0).
The observed pairwise genetic distance ranged from 0.1% to 14.5% (0.001-0.145 nucleotide substitutions per site; Figure C , part A, available as a supplement to the online version of this article at http://www.ajph. org). Table 2 depicts ties that are overlapping, or lack thereof, between each of the network types (i.e., molecular, social, sexual, and referral networks) within the genetic distance threshold. No overlapping ties existed between the molecular network and firstdegree social, sexual, or referral networks. We also observed an absence of tie overlap between the molecular network and secondand third-degree confidant network as well as the molecular network and second-and thirddegree sexual network. In addition, we observed no overlap between networks when we considered the full social or sexual networks of all 618 participants. Furthermore, when we examined potential overlap beyond the genetic distance threshold (i.e., > 0.015 nucleotide substitutions per site), we observed 12 molecular and social network ties to have overlapped ( Figure C , part B, available as a supplement to the online version of this article at http://www.ajph.org) although we found no ties to overlap between the molecular and sexual networks. We did, however, find rather consistent overlap of 45% to 50% among the social, sexual, referral, and Facebook networks. Out of 12 individuals with both molecular and Facebook data, we found that 3 (25.0%) of the ties overlapped between the networks. In the sensitivity analysis, we found that, under the null hypothesis of no association between the networks, the mean number of overlapping ties was 1.16. Table A (available as a supplement to the online version of this article at http://www.ajph. org) presents network metrics for each network type with the molecular and Facebook networks having the highest, and similar, density (0.092 and 0.099, respectively), the sexual network having a high average distance (mean = 11.63; SD = 6.77), and the Facebook network having high transitive triads (n = 73 948).
DISCUSSION
In this study, we present new information regarding the extent to which several types of social networks overlap with HIV molecular networks. First, we found that molecular ties have limited overlap with both named confidant and named sexual partners. Second, we found that slightly less than half of the time molecular ties overlap with Facebook friend ties. These results suggest that a participant's risk network may not be limited to just the sexual connections within the past 6 months, but may extend beyond these observed ties. Combining social and molecular network data in a socio-molecular approach may more accurately reflect one's true risk environment Intermittent use is defined as marijuana use less than and including weekly use; heavy use is defined as at least once per day. g Includes the use of ecstasy/molly/E, poppers, cocaine/crack, heroin, psychedelics, methamphetamines, off-label prescription drugs. h Degree is defined as the number of ties each individual had to other study participants in the network (e.g., 1 individual tied to 3 other individuals would have a value of 3).
and provide information for public health departments to engage individuals not within molecular clusters.
Developing strategies for combining network data in a socio-molecular approach may yield novel strategies for targeting HIV prevention, especially among populations most vulnerable to HIV. Young Black MSM exhibit fewer risktaking behaviors and use fewer illicit substances than do their White counterparts, yet they have higher rates of HIV transmission, 26 making social network interventions particularly relevant as opposed to traditional behavioral interventions. In addition, past research has shown that role shifting between social and sexual ties is common, 20 particularly among MSM. In this study, we observed overlap between the social and sexual networks; however, we observed none between the molecular and social or sexual networks. In addition, we observed that, in the complete social and sexual networks of all 618 participants, the molecular ties represented wholly independent ties, connecting otherwise unconnected individuals. Past research has found an overlap between named partners and molecular links; however, this work included older populations, heterosexuals, and people who inject drugs who may have more stable sexual or injecting networks than young MSM. 12 The difference observed in our study may be a result of obtaining viral sequences only for a third of those who are HIV-positive in our cohort. In addition, limited overlap may also be attributable to having too short of a framing window (e.g., partners in the past 6 months), especially given that the mean time since diagnosis was more than 2 years ago. Furthermore, in younger populations with a high number of sexual partners, it may be difficult to elicit the transmission chain with name generation. Future research should assess how survey questions can be better tailored to specific populations to develop a more complete picture of one's network.
We performed several data checks to ensure accuracy of the results. We found a normal distribution of distances ( Figure C,  part A) , similar to those of previous studies. 27 In addition, we did find that some named confidants or sexual partners had overlapping ties with our genetic data; however, these were outside our threshold genetic distance. The minimum observed genetic distance for overlapping molecular and social or sexual networks was 6.0% (0.060 nucleotide substitutions per site), similar to past studies, 27 confirming that our threshold did not arbitrarily remove any potential overlap ( Figure  C, part B) . Furthermore, the high rate of use of Grindr and Jack'd by this population may suggest that participants are seeking more anonymous sex than previously thought and that the sexual networks of participants expand well beyond what was captured in this study. Past research has shown that, compared with those who do not have a profile on either Grindr or Jack'd, those who do are significantly more likely to be diagnosed with HIV. growing by incorporating molecular network data into current partner-tracing efforts ( Figure 1 ). Figure 1 depicts an example of the expansion of current partner services to include molecular network analyses based upon our findings. Currently, when a new HIV infection (node B) is identified by local public health departments, disease intervention specialist officers request that the newly infected individual name their current and past sexual partners. These named partners are then contacted and advised to seek HIV testing and counseling. Here, we are suggesting an additional step to partner-tracing efforts, "network tracing." In this instance, the newly infected individual's (node A) viral sequence can be analyzed by using phylogenetic methodologies, yielding a molecular cluster of potentially unnamed or unknown partners (tie 1 and cluster E). Given their close proximity to a molecular cluster, previously named partners (nodes C and D) of the long-term HIV-infected individual (node B) could then be recontacted and advised to again seek HIV testing and counseling, or prioritized to begin pre-exposure prophylaxis use. This method is useful because it is feasible that nodes C and D will come into contact with the molecular clusters given that tie 1 is supported 25.0% of the time by Facebook data and tie 2 is supported 10.0% of the time.
The data presented in this study suggest that there is potential for the individuals from one's social network to enter, and grow, HIV molecular clusters. To prevent growth of local molecular clusters, next-generation partner-tracing efforts could be enhanced in local health departments and their delegate agencies to identify individuals for additional prevention services with minimal additional effort and using data that are widely becoming available. 29 In addition, while current efforts aimed at getting all at-risk individuals on pre-exposure prophylaxis should be continued, the methods presented here may allow public health departments to determine those who should be most prioritized for pre-exposure prophylaxis engagement. In this manner, HIV-negative individuals who are found to be in close proximity to large molecular clusters can be prioritized. Future research should assess whether the network-tracing method is comparable in scope and feasibility to traditional partner-tracing efforts.
Our data should be viewed in the context of their limitations. First, we were able to obtain viral sequences for only a third of those who were diagnosed with HIV; thus, the molecular network is likely incomplete, yet there were no differences between those who had a sequence and those who did not. Related to this, there is potential for incomplete elicitation of the social and sexual networks using the methods in this analysis; therefore, we may not be observing overlap when it may, in fact, exist. We were also unable to determine whether our molecular ties were indirect or direct, nor were we able to determine the direction of transmission. In addition, we only have survey data on the named confidants and sexual partners who are also study respondents and not on the other partners they named; thus, we are not viewing a complete risk network.
Even with these limitations, we were able to draw meaningful conclusions from our data. We have shown that it is necessary to incorporate many sources of information to better illuminate an individual's risk environment. We have also shown that social media networks, such as Facebook, may be useful in developing a more complete picture of one's risk environment. Finally, we presented a case example of how social network data can enhance molecular network data for next-generation partner services approaches-"network services." CONTRIBUTORS E. Morgan originated the study, developed methods, interpreted analyses, and contributed to the writing of the article. B. Skaathun assisted with the analyses and contributed to the writing of the article. J. A. Schneider assisted with the development of the methods and the analysis of the data, and contributed to the writing of the article.
